Background Underserved populations have an unequal burden of HCV infections and poor outcomes with interferon-based treatments. Direct-acting antivirals have the potential to reduce these inequalities. Aims We aimed to estimate sustained virologic response (SVR) following treatment with sofosbuvir-based regimens for HCV infections among underserved individuals and summarize the frequency of SVR across published studies of underserved populations. Methods We used data from a clinical cohort of patients aged ≥ 18 years who initiated sofosbuvir-based regimens for HCV infection between February 2014 and June 2016 at an urban public hospital network that serves as the healthcare safety-net for Tarrant County, Texas. We estimated SVR with corresponding 95% confidence limits (CL). In addition, we systematically reviewed the evidence to identify other studies of direct-acting antivirals among underserved populations. Results Our study population comprised 435 patients. The majority of patients were aged ≥ 50 years (76%), male (52%), non-Hispanic White (54%), HCV genotype 1 (79%) and treated with ledipasvir/sofosbuvir (69%). Overall SVR was 89% (95% CL 86, 92%) and highest for ledipasvir/sofosbuvir (SVR = 95%, 95% CL 92, 97%). The reported SVR following directacting antivirals among 837 underserved patients from three other studies ranged between 90 and 99%. Conclusions Our results suggest that direct-acting antivirals, particularly ledipasvir/sofosbuvir, are generally effective for achieving SVR among underserved patients with HCV infections and may help reduce inequalities in HCV prevalence and outcomes for this vulnerable population.
Introduction
The results of randomized controlled trials (RCTs) suggest that second-generation direct-acting antivirals have high efficacy and tolerability for achieving sustained virologic response (SVR) among individuals with hepatitis C virus (HCV) infections [1] [2] [3] [4] [5] . These findings supported the approval of sofosbuvir by the US Food and Drug Administration in 2013 and ledipasvir/sofosbuvir combination therapy in October 2014 [6] . The availability of efficacious and tolerable HCV treatment options fueled optimism about eradicating HCV infections and preventing progression to adverse outcomes such as cirrhosis and hepatocellular carcinoma. The results of RCTs are not always generalizable to target populations in real-world settings [7] , but real-world studies of sofosbuvir-based regimens suggest SVR frequencies > 90% [8] [9] [10] [11] [12] [13] . Nevertheless, the available real-world evidence is largely based on studies of patients with established access to care (e.g., integrated healthcare systems or insured populations) and may not be generalizable to the broader target population of HCVinfected individuals.
Underserved populations (e.g., racial/ethnic minorities, uninsured) have an unequal burden of HCV. For example, the prevalence of HCV is ~ 7.0% among individuals at safety-net institutions (often the primary source of care for underserved populations) [14, 15] , which is up to sevenfold higher than the general population [16] . Lack of eligibility for interferon-based regimens and poor response to treatment among the eligible exacerbated the inequalities in HCV outcomes for underserved populations [16] [17] [18] [19] . The availability of direct-acting antivirals has made most underserved individuals eligible for HCV treatment [16] , which could reduce inequalities, but limited evidence is available about the effectiveness among underserved individuals. This evidence would be particularly useful for informing real-world expectations of direct-acting antivirals among populations with barriers to care. Therefore, we aimed to estimate SVR following treatment with sofosbuvir-based regimens for HCV infections in a cohort of underserved individuals and summarize the frequency of SVR across published studies of underserved populations.
Methods

Study Population
We developed a clinical cohort based on electronic health records with prospectively documented treatment (baseline) and outcome (follow-up) [20, 21] . This cohort was derived from patients treated for HCV infection at the JPS Hepatology Clinic, which is part of the JPS Health Network, an urban public hospital network that serves as the healthcare safety-net for Tarrant County, Texas. Patients in the network are treated regardless of ability to pay. Patients eligible for our study were aged ≥ 18 years and initiated interferon-free sofosbuvir-based regimens between February 2014 and June 2016. In addition, a negative screen for illicit drug use was required given payer restrictions. This study was approved by the North Texas Regional Institutional Review Board.
During the study period, the JPS Hepatology Clinic included 1.5 full-time equivalent (FTE) advanced practice providers (APP), 1.0 FTE nurse, and 0.20 FTE pharmacist. The APPs scheduled laboratory testing and imaging, and the nurse scheduled follow-up appointments. APPs monitored patients on treatment including assessment for compliance, on-treatment response, and adverse effects. For uninsured patients, an as-needed pharmacy technician facilitated completion of applications to patient assistance programs for HCV treatment through pharmaceutical companies. Liver transplantation was not an option for patients in the clinic, but eligible patients with insurance were referred to local institutions for transplants. Individuals with simple HCV/HIV coinfections were managed in the JPS Healing Wings Clinic, a specialized Ryan Whitefunded HIV clinic. HCV/HIV coinfections with decompensated cirrhosis and HCV/HBV coinfections were managed within the JPS Hepatology Clinic.
Variables
Our outcome of interest was SVR, which was defined as no detectable HCV RNA, measured by standard assays, in serum at 12 weeks post-treatment [22] . Sofosbuvir-based regimens in our population included ledipasvir/sofosbuvir, ledipasvir/sofosbuvir/ribavirin, sofosbuvir/ribavirin, and sofosbuvir/daclatasvir. The selection of treatment regimens was based on standard guidelines [23] and consideration of insurance restrictions. We also ascertained sociodemographic (age, sex, race/ethnicity), clinical [prior HCV treatment, HCV genotype, cirrhosis, HIV status, body mass index (BMI)], and lifestyle characteristics (based on self-reported history of substance use or history of ICD-9-CM diagnosis codes for substance abuse [24] ) at the time HCV treatment was initiated. Cirrhosis was assessed by biopsy or imaging (ultrasound, computed tomography, or magnetic resonance). Decompensated cirrhosis was defined as documented history of ascites, hepatic encephalopathy, bleeding esophageal varices, or hepatocellular carcinoma.
Data Analysis
We estimated overall and regimen-specific frequency of SVR. Patients with unknown SVR status because of treatment discontinuation were included in the analysis as not having achieved SVR. Nevertheless, we did not assume that the remaining patients who were lost to follow-up had SVR despite completing the duration of treatment because not taking the regimen as prescribed (i.e., secondary non-adherence [25] ) could negatively affect SVR. In addition, complete-case analysis (i.e., exclusion of patients with missing SVR status from the analysis) could induce selection bias and increase variance [26] [27] [28] [29] . Therefore, we used multiple imputation to predict SVR status for the remaining 80 patients without HCV viral load measured 12 weeks post-treatment completion. Multiple imputation is a commonly used approach that leverages information from observations (i.e., patients) without missing values to predict values for observations with missing values [27] [28] [29] . The logistic regression imputation model included age, gender, race/ethnicity, insurance status, alcohol use, cirrhosis, prior HCV treatment, illicit drug use, HIV status, HCV genotype, chronic kidney disease, and treatment regimen. These covariates were selected based on knowledge of potential factors associated with loss to follow-up in our population. The analyses were based on 40 imputations to enhance stability of SVR estimates for the study population.
Systematic Review
We searched PubMed/Medline to identify eligible studies through April 25, 2018, using the following search phrase: (HCV OR "hepatitis C") AND (direct-acting OR interferon-free) AND (safety-net OR underserved OR vulnerable). In addition, we manually reviewed reference lists of relevant articles (i.e., backtracing) to identify other potentially eligible studies. Potentially eligible studies were screened in duplicate to identify real-world studies of direct-acting antivirals conducted exclusively at safetynet institutions in the USA. We verified safety-net status using the National Association of Public Hospitals and Health Systems list [30] . Conference proceedings, editorials, and review articles were excluded. For eligible studies, we abstracted the proportion of individuals who achieved 12-week SVR, which was our primary measure of interest. To reduce potential selection bias, the denominator for this proportion was based on the number of patients who initiated treatment. In addition, we abstracted study-level information including sociodemographic characteristics and proportions with cirrhosis, substance abuse, nonadherence, and lost to follow-up. Given the small number of studies identified, we did not pursue a meta-analysis (Fig. 1) . 
Results
We identified 448 patients with HCV infections aged ≥ 18 years who initiated sofosbuvir-based regimens between January 2014 and June 2016. Small sample sizes for ledipasvir/sofosbuvir/ribavirin (n = 1) and sofosbuvir/daclatasvir (n = 12) precluded stable estimation of SVR frequency. These regimens were excluded from the analysis. Our study population thus comprised 435 patients. SVR status was unmeasured at 12 weeks postcompletion of treatment for 80 (18%) patients, of whom 2 were unmeasured because of mortality during followup and 3 were non-adherent (i.e., early discontinuation). We observed 4 additional non-adherent patients, but these patients had SVR measured 12 weeks post-treatment completion (only 1 achieved SVR). Table 1 summarizes the characteristics of our study population by SVR status. The majority of patients in both groups were aged ≥ 50 years, male, non-Hispanic White, overweight or obese, and HIVnegative. Most patients had no history of illicit drug use, but one-third of patients reported current alcohol use. HCV genotype 1 was most common among both groups. The prevalence of cirrhosis at treatment initiation was 25 and 16% among patients with known and unknown SVR status, respectively, of whom 18% overall had decompensated cirrhosis. Prior HCV treatment was documented for 17% of patients with known SVR status and 9.2% with unknown SVR status. Most patients were treated with ledipasvir/sofosbuvir. In particular, 38% were treated with 8-week ledipasvir/sofosbuvir, which is contraindicated for patients with cirrhosis. Table 2 summarizes the proportions of patients who achieved SVR. Sofosbuvir-based regimens overall had SVR of 89% (95% CL 86, 92%) with limited variation between subgroups except for gender. SVR for patients who initiated ledipasvir/sofosbuvir regimens was 95% (95% CL 92, 97%) with limited variation by subgroups. Overall SVR for patients treated with sofosbuvir/ribavirin was 76% (95% CL 69, 84%), and particularly low for males (SVR = 63%, 95% CL 50, 75%), non-Hispanic Blacks (SVR = 53%, 95% CL 30, 75%), HCV genotype 1 (SVR = 54%, 95%: 38, 70%), patients with cirrhosis (SVR = 59%, 95% CL 40, 78%), and treatment-experienced (SVR = 57%, 95% CL 35, 79%). Table 3 summarizes the characteristics of studies that assessed the real-world effectiveness of direct-acting antivirals among underserved populations. Our search identified 26 potentially eligible studies, of which three studies were eligible after full-text review, and we included the current study. The sample sizes for the four studies ranged from 121 to 523 patients, for a total of 1360 patients across studies. The median age was ≥ 50 years in three out of (22) four of the studies. The majority of the patients were nonHispanic Black in one study [31] , whereas the majority of the patients in the remaining studies were non-Hispanic White. The frequency of uninsured patients ranged from 5 [32] to 79%. The frequency of patients with a history of substance abuse was ≥ 50% in two studies [31, 32] . The current study had the lowest frequency of patients with cirrhosis (22%). Ledipasvir/sofosbuvir was the most common regimen across studies.
Discussion
Underserved patients had poor outcomes with interferonbased regimens and are often labeled "difficult to treat." Our study population comprised largely uninsured patients with substantial barriers to care who were dependent on patient assistance programs for treatment with direct-acting antivirals. The results of our study suggest that sofosbuvir-based regimens are generally effective for achieving SVR among underserved patients with HCV infections. Ledipasvir/sofosbuvir is particularly effective overall and within sociodemographic or clinical subgroups of the population.
To provide context for our findings, we systematically reviewed published literature to identify reports of SVR after direct-acting antivirals at safety-net institutions, where underserved populations primarily receive care. Prior studies [31] [32] [33] excluded patients with missing SVR status 12 weeks after completion of treatment. Such exclusions, inappropriately referred to as "intention to treat" but better known as complete-case analysis, can induce selection bias and overestimate SVR [26] [27] [28] [29] 34] . This overestimation may be particularly severe for studies where loss to follow-up is high [35] . Biased SVR estimates from inappropriate exclusion in prior studies are also a concern in real-world studies of direct-acting antivirals among patients with established access to care [8] [9] [10] [11] [12] [13] . Nevertheless, our estimate of 95% SVR for patients treated with ledipasvir/sofosbuvir is similar to patients with established access to care. For example, Butt et al. [9] reported 96% SVR for patients in the ERCHIVES cohort and Lai et al. [13] reported 94% SVR for patients in the Kaiser Permanente-integrated health system. The negligible differences in response to treatment between diverse populations warrant further scrutiny of insurance restrictions on eligibility for ledipasvir/sofosbuvir. Certain limitations should be considered when interpreting our results. In particular, the choice of any analytic approach requires acceptance of a trade-off. We addressed missing information about SVR using multiple imputation to reduce potential selection bias from excluding these patients, which has been a limitation in prior studies. The trade-off is potential misclassification of SVR status if the imputed value was incorrect. Multiple imputation may not be superior to other approaches in certain situations [29, 36] . Unfortunately, an assessment of which approach would result in less bias would require knowing the true SVR status for patients who were lost to follow-up, which is not always possible among underserved populations because of challenges with follow-up. Nevertheless, future studies that aim to estimate SVR in real-world settings should include all patients who initiated therapy as part of the analysis [34] . Non-adherence to therapy and loss to follow-up during therapy are key reasons for not achieving SVR [37] . The exclusion of patients from the analysis because of nonadherence or missing SVR status because of loss to followup is also inappropriate [34] . A more informative approach is to explore reasons for non-adherence or loss to follow-up, which could be targeted by interventions to enhance adherence or retention, respectively. Patient navigation programs may be a consideration to improve adherence and reduce loss to follow-up. Such programs have been successful in achieving a high frequency of SVR [38] . In summary, underserved populations, which include racial/ethnic minorities and the uninsured, have the highest burden of HCV but low SVR following interferon-based treatments [14, 15, 17, 39] . Our findings suggest that SVR among underserved populations, whether in our setting or other settings, are similar to populations with established access to care. Our findings may help redefine providers' expectations about SVR when treating underserved individuals. Our study also provides encouraging evidence for the potential reduction of persistent inequalities in HCV prevalence and poor outcomes for this population. Nevertheless, the assessment of SVR at 12 weeks post-completion of treatment alone provides limited understanding about longterm outcomes in underserved populations because of the potential for reinfection among people who inject drugs. The assessment of long-term outcomes such as cirrhosis and hepatocellular carcinoma is necessary for more comprehensive understanding about treatment effects. Lastly, patientreported outcomes should be assessed in future studies of direct-acting antiviral regimens to enhance shared decisionmaking based on potential trade-offs between regimen effectiveness, side effects, and patient perceptions [40] .
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